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1. Introduction 

Recently a proton translocating protein complex 
was shown to catalyze the photosynthetic ATP 
synthesis of chloroplasts when the thylakoid mem- 
branes are stressed by a transmembrane proton 
gradient as proposed [l-3] . This complex involves at 
least the peripheral membrane protein coupling factor 
CFI being the actual ATPsynthetase and a non- 
identified transmembrane component designated HFo 
[3,4] . From this complex only the coupling factor 
could be purified to homogeneity. This protein with 
a molecular weight of about 320 000 [5] could be 
resolved into five subunit classes (a, /3, y, 6, E) by 
sodium dodecyl sulfate (SDS)-acrylamide gel electro- 
phoresis. They have mol. wt 59 000,55 000,37 000, 
2 1 000 and 16 000, respectively [6-81. 

The relative staining intensities of the subunit 
bands from the gels and crosslinking experiments 
gave evidence for one molecule of CF, to be com- 
posed of ICY, 20, ly, 16 and 2~ subunits [9-l 11. 

Though conformational changes of CF1 subunits 
have been detected during the process of photophos- 
phorylation [ 121 only little is known on the quater- 
nary structure of the enzyme. Electron microscopic 
data have shown CFI to be spherical in shape, but 
there exist contradictory results with respect to the 
diameter of this particle. Previously the diameter of 
the membrane-bound as well as of the solubilized 
CFI was found to be 150 A in freezeetched prepara- 
tions and 90 A in negatively-stained material [ 131 . 
Thus electron-optical investigations of the quater- 
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nary structure of this protein seem not to be reliable. 
For this reason we studied the structure of the puri- 
fied CFI in solution using the methods of small-angle 
X-ray scattering and circular dichroism. 

The protein was shown to have a radius of gyration 
of 56.5 A, a maximal particle diameter of 234 8, vol. 
1 200 000 A3 and an axial ratio of 1 : 2. The shape 
of the molecule is best approximated by an oblate 
ellipsoid of revolution with the axes of 2 a = 84 A 
and 2 b 168 8. From the unusually high experi- 
mentally-determined volume: dry volume ratio of 
about 3.4 together with an a-helix content of about 
20% it was concluded that channels may exist within 
the protein molecule. 

2. Materials and methods 

2.1. Preparation of the coupling factor CF, 

CFI from chloroplast thylakoid membranes of 
Vicia faba was extracted and purified as in [8] . The 
enzyme was shown to be pure by gel electrophoresis. 
It consists of the five subunits 01, j3, y, 6 and E which 
are present in the protein in a molecular ratio of 
2:2:1 :1:2 [lo] . Before being used for measurements, 
CFI suspended in 2 M ammonium sulfate solution 
was precipitated by centrifugation and desalted by 
ultrafiltration dialysis against 50 mM Tris-HCl buffer, 
pH 7.8. The protein concentrations were determined 
spectrophotometrically using an extinction coefficient 
of+&nm=2.6. 
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2.2. Small-angle X-ray scattering and circular dichroism 
(CD) measurements 

Small-angle X-ray scattering measurements were 
done with CuK,-radiation using a stabilized X-ray 
generator of the type TUR M62 (VEB Transforma- 
toren- und RGntgenwerk, Dresden) and both an auto- 
mated small-angle X-ray diffractometer of the Kratky 
type and a four-slit diffractometer. All measurements 
were carried out at 20 f 1 “C. Scattering curves were 
obtained from protein solutions with concentrations 
of CFI of 9.3 g/l, 18 g/l and 112 g/l, respectively, and 
the corresponding blank curve for the 50 mM Tris- 
HCl buffer, pH 7.8. Solutions were examined in glass 
capillaries 1 mm in diameter. For data processing the 
programme system SAXS was used [ 141 . 

CD measurements were carried out with a Roussel- 
Jouan dichrograph CD 185. The molecular ellipticities 
were calculated using a mean amino acid residue 
weight of 114. The protein secondary structure frac- 
tions of CF1 were computed from CD spectra between 
2 10 nm and 240 nm [ 151 using the reference spectra 
of [16,17]. 

3. Results 

Guinier plots of the measured scattering curves for 
CF1 at various concentrations are shown in fig.1. The 
radius of gyration, determined from the slope of the 
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Fig.1. Guinier plot of the scattering curve of coupling factor 
CF, fcir various concentrations. 
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Fig.2. Fourier-co&us transform of the CF, sdattering curve. 

scattering curve at zero concentration, was found to 
be 56.5 8. 

The slit smeared correlation function 2: (x) was 
calculated from the slit smeared scattering curve j (b) 
by the integral transformation. 

?(x)=20J%) cos2nbxdb [18]. 

The spherically averaged distance distribution obtained 
by integral transformation of the entire scattering 
curve [ 191 yielded a maximum particle diameter of 
L = 234 a (fig.2). 

The shape of the molecule is determined by com- 
parison of the measured scattering curve of coupling 
factor with the calculated ones of ellipsoids of revolu- 
tion. Figure 3 shows that the inner part of the scatter- 
ing curve of CFI is best approximated by an oblate 
ellipsoid of revolution with the axes of 2 a = 84 A 
and 2 b = 168 A. The volume of this model body is 
v= 1 200 000 A3. 
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Fig.4. CD spectrum of CF, and results of the calculation of 
secondary structure fractions. 
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Fig.3. Desmeared CF, lattering curve and comparison with 
the scattering curves of ellipsoids of revolution with different 
axial ratios. Scattering intensity in arbitrary units. 

From the difference between the maximum diam- 
eter of this model body (168 A) and the calculated 
maximum diameter L = 234 A together with observed 
differences in the scattering curves was concluded 
that the CFr-molecule is asymmetric in shape. 

Figure 4 shows the CD spectrum of the CFr and 
the calculated secondary structure fractions of the 
protein (a~ = o-helix, fl= P-structure, p = unordered 
structure). 

Using the reference spectra [ 16,171 for calculation 
of secondary structure fractions 23% a-helices are 
obtained in both cases whilst the values of /I- and 
p-fractions of secondary structures can be considered 
only as quantitative estimations. 

4. Discussion 

Protein secondary structure fractions of coupling 
factor CFr were calculated from CD spectra. The data 
indicate nearly 23% amino acids of CFr-molecule to 
be in a-helical structures. A similar value was in [9] . 

The small-angle X-ray scattering data enable some 
conclusions to be made about the quaternary struc- 
ture of coupling factor CFr in solution. 

The linearity of the Guinier plots at different pro- 
tein concentrations (fig.1) shows that the CFr is 
globular in nature and does not contain partially- or 
totally-unfolded polypeptide chains. The Guinier 
plots also indicate the monodispersity of the protein 
fraction investigated and show no significant dis- 
sociation into subunits or intermolecular aggregation 
of CFr molecules. 

The unusually high volume of the coupling factor 
in solution is of particular interest. The volume has 
been determined from small-angle X-ray scattering 
data to be vexp_ = 1 200 000 A3. Using the equation: 
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where M is the molecular weight (M = 320 000 g/mol), 
V is the partial specific volume (r = 0.737 cm3/g) and 
NL is Loschmidt’s number; the dry volume of the CFI 
molecule was calculated to be Veal = 348 000 A3. 
Dividing VexP by Vd., a volume ratio (I of 3.4 was 
estimated, wh’ich is equivalent to a hydration of 1.9 g 
H20/g CFr . Taking the amino acid composition of 
CF, [8], a maximum hydration of the interphase 
protein/water of only 0.45 g HsO/g protein was 
calculated using the method in [20]. According to 
our own experience there is a good correspondence 
between the values ofhydration estimated from amino 
acid composition and the volume ratio 4 for several 
soluble enzymes. In the case of coupling factor CFr , 

the observed difference between the two values can 
only be understood if we assume that, besides the 
structured hydrated surface, channel-like inner 
cavities exist within the protein molecule. At present, 
however, it cannot be decided, whether or not these 
cavities contain water. 

Further experiments will be carried out using the 
method of small-angle X-ray scattering to explain 
the structure of coupling factor CFr . 
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